I. Introduction
Its unique electronic properties [1] [2] [3] make graphene a very appealing material for future applications. However, to be considered as a potential candidate to replace silicon in electronics, graphene should be controllably grown on large-area insulating substrates compatible with existing lithographic technology. Synthesis on hexagonal silicon-carbide (α-SiC) substrates [4] [5] [6] [7] [8] [9] [10] [11] [12] is one of the most promising methods for graphene fabrication on insulating substrates. It is known that even uniform multilayers of graphene on carbon-terminated SiC(000-1) substrates possess the physical properties and electronic spectra of a free-standing graphene monolayer [8, 9] . However, the graphene synthesized on high-cost wafers cut from bulk α-SiC single crystals cannot be considered as a viable candidate for industrial mass production. Recently it has been shown that synthesis on low-cost cubic-SiC wafers [13] [14] [15] [16] [17] [18] represent a realistic method for massproducing graphene layers suitable for electronic applications. In particular, SiC(001) thin films grown on Si(001) wafers are fully compatible with existing technologies. However, the first papers on graphene/SiC(001) [13] [14] [15] [16] brought no information about the graphene overlayer's continuity on the millimeter-scale and provided contradictory information about the atomic and electronic structure of graphene on SiC(001). In our recent studies [18] it has been demonstrated that the uniform graphene overlayer synthesized on SiC(001) consists of only a few monolayers with the physical properties of quasifreestanding graphene. However, contrary to the previous results suggesting micrometer-scale graphene flakes on SiC(001) [14] , our scanning tunneling microscopy (STM), low energy electron diffraction (LEED) and angle resolved photoelectron spectroscopy (ARPES) studies [18] have demonstrated the formation of nanometer-sized graphene domains with four preferential orientations. The formation of rotated domains and grain boundaries can modify the electronic properties of graphene and lead to the opening of a transport gap [19] , which is crucial for technological applications. Therefore, detailed atomic-scale information about graphene growth on the SiC(001) surface is important for understanding the physical properties of the graphene domain network and further improvement of the graphene/SiC(001) synthesis procedure. Only step-by-step STM studies can disclose precise information on the surface transformations on the atomic level, test the correlation between substrate defects and graphene layer quality, and, most importantly, inspire new ideas on possible improvements to graphene synthesis on this technologically appealing substrate. High-resolution scanning probe microscopy studies can also provide information about the integrity of the graphene overlayer on the nanometer scale. This is not possible by spectroscopic techniques which average information over micrometer-scale surface areas. Here we present the results of comprehensive STM and LEED studies of the atomic structure of the SiC(001) surface carried out during all stages of ultra-high vacuum (UHV) synthesis of graphene on SiC(001). Since different SiC(001) reconstructions were studied previously [20] [21] [22] [23] [24] [25] [26] , in our STM experiments we focus not on the highest quality SiC(001) atomic structures but on the most typical reconstructions formed prior to graphene synthesis. To directly compare possible defects on the SiC surface and the graphene overlayer we have performed successive STM experiments on the same samples at each stage of the treatments necessary for graphene synthesis. STM studies were conducted on numerous spatially separated surface regions to obtain detailed information on the uniformity of the synthesized graphene on the millimeter-scale and its correlation with the atomic structure of SiC(001).
II. Experimental
Graphene layers were fabricated on cubic-SiC(001) films grown on on-axis Si(001) wafers using Si-atom sublimation followed by surface layer graphitization at high temperatures. The atomic structure of the SiC(001) surface during graphene synthesis was studied in-situ in a RIBER LAS-3000 spectrometer equipped with a room temperature (RT) GPI-300 STM. Chemically etched [001]-and [111]-oriented single-crystalline tungsten tips sharpened in UHV by electron beam heating and ion sputtering [27, 28] were used for STM experiments. The base pressure in the analytical chamber was in the range of 4-6×10 -11 mbar. It did not exceed 2×10 -10 mbar during the direct current heating of the 3×8×0.5 mm 3 SiC(001)/Si(001) wafers and rapidly recovered after the sample treatments. To obtain a lower pressure in the UHV chamber during graphene synthesis, SiC(001)/Si(001) wafers were thoroughly outgassed at 600-700°C for several hours to reach a pressure in the 10 -11 mbar region. The samples were then flashed at ~1100ºC to remove contaminants. After the flash heating, several monolayers (MLs) of silicon atoms were deposited onto the carbon-rich SiC(001)-1×1 surface at a deposition rate of ~1 ML/min. Next, the SiC(001) surface was annealed at gradually increasing temperatures, giving rise to Si atom sublimation and the fabrication of different surface reconstructions. STM experiments were conducted after cooling the samples to RT. STM data were analyzed using WSXM software [29] ; either raw data or STM images smoothed by a 3×3 matrix are presented.
III. Results and discussion
The first step towards graphene sythesis on SiC(001) is sustained annealing to fabricate a uniform, Si-rich SiC(001)-3×2 reconstructed surface with large terraces [22] . Long-term annealing at temperatures of 700-800ºC was applied. Increasing the annealing temperature from 800ºC to 1300ºC causes the surface to undergo consecutive Si-terminated 5×2, c(4×2), 2×1, and C-terminated c(2×2) reconstructions in accordance with the results of Refs. [20] [21] [22] [23] [24] [25] [26] . Figures 1a-c show atomically resolved STM images of the 3×2, c(4×2) and c(2×2) reconstructions formed on our SiC(001) sample at the different stages of graphene synthesis. Note that images of the c(4×2) reconstruction usually revealed missing Si atoms in the surface layer (Fig. 1b) , while the c(2×2) structure was typically decorated by excessive carbon atoms and atomic chains elongated in the [110] direction (Fig. 1c) . The absence of impurities on the SiC(001) surface is confirmed by the fabrication of the c(4×2) reconstruction (Fig. 1b) which is very sensitive to contamination. It usually transforms into the 2×1 phase after several hours due to exposure to background hydrogen in UHV [24] . The excess of carbon atoms observed on the SiC(001)-c(2×2) as bright protrusions on terraces (Figs. 1c and 2a) , can help to transform the c(2×2) reconstruction into the more densely packed honeycomb lattice (Fig. 1d) . Nevertheless, the single atomic steps are well resolved on large area STM images (Fig. 2a) . The root mean square roughness (RMS) of micrometerscale (1×1 μm 2 ) images of the SiC(001)-c(2×2) surface did not usually exceed 1.5 Å. As an example, the roughness analysis for a smaller surface area is shown in Fig. 2d . Since the apparent height in STM images can strongly depend on the tip and surface electronic structure as well as the tunneling parameters, we have analyzed the heights of monatomic steps on large-area images of different SiC(001) reconstructions and the graphene/SiC(001) system. We have found that at bias voltages greater than ±0.8 V, the heights of monatomic steps are in good agreement with the well-known cubic-SiC lattice parameters. This is illustrated by crosssections (Figs. 2k and 2l) from the STM image measured near the monatomic step on graphene/SiC(001) (Fig. 2h) . Therefore, we can assume that the RMS values shown in Fig. 2 correspond to the actual roughness of the surfaces.
To minimize the depletion of Si atoms from the SiC(001) surface and exclude the growth of multilayer graphite-like structures, only short flashes (20-30 seconds) at temperatures between 1300-1350ºC were applied to convert the c(2×2) reconstruction (Fig. 1c) into the honeycomb graphene lattice (Fig. 1d ). Usually after several flashes, the SiC(001)-c(2×2) structure was transformed into a uniform domain-like graphene overlayer as our STM (Figs. 2, 3a and 3b) and LEED data (Fig. 3e) confirm. The short flash method used in this work is similar to that used for the growth of graphene on α-SiC [10, 11, 30, 31] .
After graphene synthesis we did not observe any bare silicon carbide regions on the graphene/SiC(001) samples. As the large area STM images in Figs. 2g and 2h illustrate, the surface layer consists of nanodomains connected through domain boundaries. Comparing STM data obtained before (Fig. 1c) The coincidence of the directions of carbon atomic chains and graphene domain boundaries shows that the top graphene layer, which is formed first during the "bottom-up" graphene growth, follows the nanometer-scale morphology of the SiC(001)-c(2×2) surface. This is similar to graphene growth on α-SiC [4] [5] [6] [7] [8] [9] [10] [11] [12] 30, 31] . However, because of the different symmetries of the cubic SiC(001) and honeycomb graphene lattices, they cannot match each other as closely as graphene and hexagonal SiC. This reduces the interaction between the graphene layer and the SiC(001) substrate and leads to the absence of a reactive buffer layer on SiC(001) [13, 18] , unlike on α-SiC [4] [5] [6] [7] [8] [9] [10] [11] [12] 30, 31] . It can be supposed that the diamond-like carbon chains may be an obstacle for the growth of larger (micrometer-scale) graphene domains on SiC(001). Therefore, controlling the density and orientation of the chains on SiC(001)-c(2×2) could allow the average size of the graphene domains and their orientation to be tuned. Individual domains possess a rippled morphology, which leads to a root mean square roughness of the large area STM images ranging from 1.5 Å to 4.0 Å (e.g., see Figs. 2i and 2j, which demonstrate an RMS of 1.7 Å and 2.5 Å for 100×100 nm 2 surface areas, respectively). Note that the roughness calculated from images of the same size is approximately a factor of two larger for graphene/SiC(001) than for SiC(001)-c(2×2). The roughness of 1×1 μm 2 STM images of graphene/SiC(001) was usually between 2.5 and 4.5 Å. These values are typical of free-standing, singlelayer graphene [32, 33] and substantially exceed the The orientation of the graphene domains is linked to the atomic structure of the SiC(001)-c(2×2) surface decorated by <110>-directed carbon atomic chains (Fig. 1c) . Nanodomains elongated in the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] (Fig. 2g) and [110] (Fig. 2h) directions are resolved on the left and right side of the anti-phase domain (APD) boundary shown in Fig. 2c . It is noted that imaging the surface area near the boundary was stable even at a sample bias voltage of -0.8 V, which lies within the band gap of SiC (2.3 eV). Although the resolution is limited near the APD boundary and actual topography of the boundary can not be seen because of tip effects, the absence of a jump-tocontact at such a small bias voltage confirms the absence of bare SiC(001) regions at the edges of the APD boundary defect. Additional proof of the continuity of the graphene overlayer at the APD boundaries was obtained during LEEM experiments. Reflectivity measurements from small (~500 nm in diameter) surface areas inside the domains and at the APD boundaries reveal the same spectra for each, with three distinct minima [18] proving a uniform graphene thickness throughout the sample. A surface region containing another defect typical of the SiC substrate (multiatomic step) is shown in Fig. 2b . Again, imaging is stable throughout the whole scanned area at a bias voltage of -1.0 V. This proves that the graphene overlayer is continuous near the step edge and uniformly covers the SiC substrate. Thus, our STM data show that, despite the presence of APD boundaries and multiatomic step defects typical of cubic-SiC, the continuity of the graphene overlayer synthesised on SiC(001) is most probably unbroken. This is very important for the reproducible synthesis of large-area, uniform graphene layers. However, the APD defects lead to the rotation of the nanodomains by 90º as Figs. 2g and 2h illustrate. The well-resolved monatomic step on the SiC substrate under the graphene domain network (Fig. 2h) , emphasized by the cross-sections in Figs. 2k and 2l , confirms that the graphene coverage does not exceed a few monolayers.
Atomically resolved images in Figs. 3a and 3b, which show STM images of domains elongated in the [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions, respectively, reveal the atomic structure of the graphene domain network on SiC(001). The 2-dimensional fast Fourier transform (FFT) patterns of the STM images (see inset in Fig.  3b ) consist of two systems of spots (indicated by hexagons), which are related to two graphene domains rotated by 27º relative to each other. It is noted that the graphene domains' lattices are preferentially rotated by ±13.5º from domain . This image has been smoothed by a Laplacian function to highlight the disordered atomic structure of the domain boundary [29] . (e) Schematic model of a similar boundary, illustrating the incommensurate nature of the two domains. The darker grey atoms indicate the zone where they cannot adopt the regular graphene honeycomb structure. boundaries along the [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions. These two families of 27º-rotated domains are themselves rotated by 90º relative to one another and produce two systems of 12 non-equidistant diffraction spots (Fig. 3c and 3d ). Together these two rotated diffraction patterns produce the LEED pattern of graphene/SiC(001) with 12 double-split spots, as Fig. 3e illustrates. These rotated domain families are resolved as horizontal and vertical nanoribbons in STM images, as shown in Figs. 2g and 2h .
Figs. 4a and 4b show a schematic model of the graphene domains on SiC(001) rotated by ±13.5º from the <110>-directed boundaries. One can see that the atomic lattices of the rotated graphene domains and the substrate coincide only in some sites for this misalignment angle, but additional points of coincidence can appear due to the rippling and random distortions of the carbon bond lengths [18] . The graphene and SiC(001) lattices ideally coincide only at some sites, which leads to a weak interaction between the substrate and overlayer and the absence of a buffer layer in the graphene/SiC(001) system [13, 18] . One can see from Fig. 4 that the points of coincidence of the substrate and graphene lattices are aligned along one of the <110> directions of the SiC lattice, corresponding to the direction of atomic chains on the SiC(001)-c(2×2) reconstruction. Most probably, these diamond-like chains determine the orientation of the domain boundaries in the topmost graphene layer. Because of the delicate balance between the graphene-SiC(001) interaction and domain boundary energies, the 13.5º misalignment angle can be more favorable than other rotation angles which would give a better coincidence between the graphene honeycomb and SiC(001) square lattices. High resolution images (Figs. 4c and  4d) show two typical features related to the nanodomain boundaries in graphene/SiC(001). The layer near the boundary is bent leading to an additional roughness on the order of several Ångströms (Fig. 4c) . This roughness can be caused by stress due to the conjunction of neighbouring domains but it can also be observed near the domain edges in freestanding single layer graphene [33] . Fig.  4d also reveals an irregular atomic structure of the boundary, which is in good agreement with the domain boundary schematic shown in Fig. 4e .
Since the graphene growth on the SiC(001) follows a "bottom-up" scenario [12] , the growth conditions can be different for the graphene layers which grow under the topmost domain-like graphene layer. The surface's depletion of Si atoms, leading to carbon atomic chain formation on the SiC(001), can be suppressed after the synthesis of the first graphene layer. Therefore, the lower lying graphene layers can be rotated relative to the topmost layer, similar to multilayer graphene on α-SiC [8, 9] . This can reduce the interaction between the graphene layers and preserve the free-standing monolayer-like properties of few layer graphene on SiC(001) [18] .
STM images taken from surface regions far from the domain boundaries reveal defect-free honeycomb (Fig. 1d) or hexagonal (Fig. 5a ) lattices distorted by atomic-scale rippling. As shown in Figs. 5a and 5b, the dimensions of the graphene ripples are on the order of several nanometers laterally and 1 Å vertically, coinciding with such values calculated for a free-standing monolayer [33] . Such values were also observed in STM experiments on an exfoliated graphene monolayer supported by a SiO 2 /Si substrate [34] . It has been demonstrated recently that the apparent height of these ripples can be enhanced in STM experiments on free-standing graphene because of strong tip-sample interactions and the high flexibility of the graphene monolayer [34, 35] . This is shown in Figs. 6a and 6b , where a substantial change in the surface topography is detected with only a minor increase in the tunneling current, similar to effects observed on graphene/SiO 2 [36] . The roughness of the surface layer can be modified by the tip-surface interaction after an increase in the tunneling current of only 33% (which corresponds to a change in the tip-sample distance of just several picometers), further supporting the quasi-freestanding character of graphene on SiC(001). The images in Figs. 6a and 6b also show that some surface regions (indicated by an arrow) which look like boundaries within the domain network at some tunneling parameters, can in fact be related to a bent single layer.
The STM data show that images with either hexagonal (Fig. 5a) and honeycomb (Fig. 1d ) symmetry can be resolved on the same surface areas depending on the tunneling parameters. This is illustrated by the gap-resistance dependence shown in Figs. 6c-e. The contrast inversion from honeycomb to hexagonal was reversibly and reproducibly observed in different surface areas. This effect is related only to the change in tunneling parameters used for STM imaging, rather than changes in the overlayer thickness. The contrast inversion at a small tipsample separation can be related to multiplescattering effects in the tunneling gap [37] , atomic relaxations or modification of the orbital structure of the interacting tip and surface atoms at small tunneling gaps [38, 39] . This can lead to a situation where the tunneling current is mostly governed by the tip atoms in the second layer rather than by the apex atom closest to the surface. Therefore, at some specific distances a maximum in the tunneling current can be observed when the tip is located above the hollow sites, and not above the true atomic positions. Therefore, researchers should bear in mind that the presence of honeycomb or hexagonal contrast in STM images should not be considered as a definitive measure of the overlayer's thickness.
Images measured near the boundaries (Figs. 7 and 8) demonstrate additional electron density modulations caused by edge states and defects in the honeycomb lattice. These can induce apparent roughness and change the periodicity of atomic features in images of graphene nanodomains [40] [41] [42] [43] [44] [45] . STM images of domains with widths below 10 nm (Figs. 7e-h and 8) reveal additional electronic features due to the presence of defects near the domain boundaries. The superposition of the (1×1) and (√3×√3)R30° patterns usually produced very complicated STM images of small domains where honeycomb or hexagonal lattices could only be resolved in some domain regions. Figures 7a-d illustrate the appearance of the (√3×√3)R30° superstructure (Fig. 7b) near the boundaries of a ~15-nm-wide ribbon. STM images measured in domain regions far from the boundaries exhibit the typical honeycomb atomic structure of the surface layer (Fig.  7d) . At the same time a (√3×√3)R30° modulation is resolved near the ribbon edge (Fig. 7b) . The FFT pattern shown in Fig. 7c patterns can be resolved even within the same domain (Figs. 7e and 8a), which can be related to different kinds of atomic defects at the boundaries and the diminishing amplitude of electron density modulations with increasing distance from the domain edges, as illustrated by Fig. 7a . The FFT patterns of the atomically resolved images of the rotated domains (Figs. 7g and 8b ) reveal two systems of twelve non-equidistant spots corresponding to 27°-rotated (1×1) and (√3×√3)R30° patterns. The appearance of the (√3×√3)R30° electronic interference patterns is typical of a quasi-freestanding graphene monolayer. Similar patterns were previously observed for graphene domains on graphite [40] , SiO 2 [44, 45] , and α-SiC [41] [42] [43] which are considered as some of the highest quality graphene monolayers. The interference patterns resolved in our experiments on SiC(001) at small bias voltages demonstrate the close proximity of the π-like graphene states to the Fermi level [42] and indicate that these states in the topmost graphene layer are almost unperturbed by underlying layers. This is in agreement with our ARPES measurements, which reveal nearly ideal linear dispersions with the Dirac points close to the Fermi level for all four preferential orientations of the graphene domains [18] .
IV. Conclusion
STM and LEED data taken from different samples and surface regions prove the millimeter-scale continuity of the graphene layers on SiC(001), which consist of rotated nanodomains with four preferential orientations. Atomically resolved STM studies of different graphene domains show all the features typical of quasi-freestanding graphene (i.e., rippling, high flexibility of the topmost layer, interference patterns near defects and boundaries). The continuity of the domain network is not broken by the APD defects ( Fig. 2c) , which would otherwise be considered as a potential obstacle for the growth of uniform, continuous graphene coverage on cubicSiC. However, the presence of domain boundaries can modify the electronic properties of graphene. Therefore, an increase in the domain size or greater control over the boundary directions can be considered as the next steps for improving graphene quality on cubic-SiC(001). It is suggested from the presented STM studies that the graphene domain size can be increased by minimizing the flashing time of the silicon-terminated SiC(001)-c(4×2) reconstruction, because continuous annealing could produce a lot of <110>-directed carbon chains [21] , which can become grain boundaries after graphene synthesis (Figs. 1c and 2h) . Subsequently, using vicinal SiC(001) substrates could achieve a preferential orientation of the carbon chains on the SiC(001)-c(2×2) reconstruction and improve the quality of the graphene/SiC(001) by aligning the graphene nanoribbons and grain boundaries along one of the two equivalent <110> directions. Indeed, a reduction in the number of the rotated domain variants from four to two could be the reason for the uniform contrast observed in recent LEEM experiments conducted on the graphene/SiC(001) system synthesized on off-plane Si(001) wafers [16] . This result and the atomically resolved STM studies presented herein show it may be possible to synthesise a millimeter-scale graphene nanoribbon network with one preferential domain boundary direction on low-cost, off-plane SiC(001)/Si(001) wafers.
